Purpose of the Review Transcranial direct current stimulation (tDCS) can effectively modulate a wide range of clinical and cognitive outcomes by modulating cortical excitability. Here, we summarize the main findings from both animal and human neurophysiology literature, which have revealed mechanistic evidence for the acute and neuroplastic after-effects of tDCS. Recent Findings Insights into the magnitude and geometric orientation of transcranially induced currents have been provided by the combination of computational modeling of current flow in animal slice preparations and intracranial recordings in humans. In addition to its synaptic effects, stimulation also induces after-effects on the glial and vascular systems, the latter also observed in humans by magnetic resonance imaging. Several studies have also observed non-linear or antagonistic effects of tDCS parameters, which warrants further systematic studies to explore and understand the basic mechanisms. Summary tDCS is a valuable and promising technique across the neurophysiological, cognitive neuroscience, and clinical domains of research. Primary and secondary effects of tDCS still remain to be completely understood. An important challenge for the field is advancing tDCS protocols forward for optimal intervention and treatment strategies.
Introduction
A growing area of interest over the past decades has been to understand and alter the physiological mechanisms underlying basic cognitive processes, as well as a multitude of clinical disorders through the use of non-invasive brain stimulation methods (NIBS). With these techniques, electric or magnetic currents are safely and controllably delivered to the cortex to intervene with ongoing cortical physiology and also affect plasticity-related processes. NIBS have thus far contributed to the understanding of the physiological role of many brain areas and networks and provided the potential to serve as a therapeutic tool for the treatment of neurological and psychiatric diseases associated with pathological alterations of plasticity or brain activity. In recent years, an important objective has focused on improving the efficacy of these tools by aiming to understand the physiological mechanisms of stimulation at a basic and fundamental level, which could serve as an important framework for advancing technical parameters of NIBS.
Modern-day NIBS can be divided between those techniques which directly induce activity of neurons versus those which modulate the firing activity of neurons. The first category includes techniques such as transcranial magnetic stimulation (TMS), which is based on delivering brief but strong electromagnetic pulses through a coil and primarily affects targeted neuronal populations in the cortex through supra-threshold neuronal activation. In contrast, transcranial electric stimulation (tES), which encompasses both alternating current stimulation (tACS) and direct current stimulation (tDCS), do not generate action potentials in the targeted neuronal populations, but these are primarily effective through modulation of the resting membrane potential. tDCS, in comparison to other techniques, has attracted increased attention due to (1) its appeal as a well-tolerated, cost-effective, and easily portable device [1] and (2) its ability to induce physiological effects not only in the targeted cortical area but also across functionally connected networks, which can outlast the period of stimulation [2] [3] [4] .
As we discuss in the following review, the current knowledge of the basic effects of tDCS encompasses in vivo, in vitro, and in silico studies in animals and humans, which range from classic electrophysiology to modern state-of-theart imaging techniques. Converging research has broadly categorized the main effects of tDCS as either acute effects, which are those occurring during the stimulation period, and after-effects, which are evident after stimulation has ended. In this review, we discuss a number of tDCS studies which have focused on the human motor cortex as a model for obtaining reliable and quantitative metrics to measure and characterize the physiology of these effects. Parallel efforts to further explore, systematically extrapolate, and physiologically or functionally validate these respective effects in other brain regions have led to tDCS being a flexible and reliable neuromodulator for establishing links of causality between nervous system structure and physiology across a wide range of cognitive and behavioral functions and also for exploring the dynamics and determinants of plasticity-related processes in the central nervous system. Knowledge about physiological effects of tDCS in non-motor regions is however still limited as compared to the motor cortex model, and one-to-one transferability of mechanisms should not be taken for granted, taking into consideration anatomical and neurochemical differences between areas.
Despite the increasing number and diversity of research and clinical studies using tDCS, a complete and holistic understanding of the underlying mechanisms of tDCS on the brain is still missing. As we discuss, recent findings aiming to optimize tDCS have uncovered non-linear and antagonistic effects, which further warrants a deeper exploration [5] [6] [7] [8] . Moreover, the effects of tDCS in humans is interindividually variable, depending on a range of factors such as cortical anatomy, genetic polymorphisms, or age and gender. We discuss in the final section how understanding the interaction between physiological effects, stimulation parameters, and inter-individual factors is a crucial objective for further developing optimized stimulation parameters for use in research and clinical settings.
Physiology of tDCS
The modern technique of tDCS, as introduced in the seminal studies by Priori et al. [9] and Nitsche and Paulus [10] and further refined over the last 17 years, involves using two or more conductive rubber or metal electrodes covered in a conductive medium and placed over the scalp. These electrodes are connected to a constant-current stimulator which delivers a stable, weak direct current (1-3 mA in humans) [1] . As we discuss in the later sections, the selection of tDCS parameters is not an arbitrary exercise, but requires careful consideration of the targeted region or network, the intended duration of the after-effects, and even the individual.
Nevertheless, tDCS is not a wholly novel technique, but has steadily evolved from converging animal and clinical findings over the past several centuries, where application of electric currents to the head was observed to result in various behavioral and therapeutic effects, without realization of a clear or precise mechanistic basis [11] (see also reviews by [12] and [13] ). Only in the last century was it confirmed, based on several physiological experiments in animals, that externally applied electric fields could modulate local neural activity, and that effects of polarizing currents did not just result in immediate effects but also long-lasting after-effects [14] [15] [16] . Moreover, these findings supported Hebb's synaptic plasticity model of the cortex, which suggests long-term potentiation (LTP) and depression (LTD) as the modulatory mechanisms underlying the long-term learning effect resulting from extrinsic stimuli on neural functions [17] . As tDCS has been shown to induce both acute and long-lasting effects, we review the mechanistic evidence separately.
Primary, Acute Effects
The primary effects of tDCS during stimulation start with polarity-dependent shifts in the resting membrane potential of neurons. The polarity of the stimulation (anodal or cathodal) is conventionally termed by the respective type of electrode placed over the target cortical area on the scalp. In simplistic terms, current flows from the anode to the cathode and must flow into and out of the cell in order to exert any effect. Characterizing specifically which compartments of the cell are polarized remains an important question; however, effects appear to critically depend on the neuronal morphology relative to the DC electric field [18] . In early interpretations of tDCS effects in animals, it was observed that the net effect of a surface anode electrode was an excitatory effect, likely caused by depolarization at the soma and basal dendrite. In contrast, a surface-negative current, or cathodal stimulation over the targeted region, which generated a negative current flow pointing outward from the cortex, resulted in an inhibitory effect due to hyperpolarization of the neuron's soma and basal dendrite [19] . These basic effects of weak polarizing current were first observed across several animal studies in the mid 50s and early 60s before the advent of TMS in the 90s permitted for human experiments.
Animal Models
In a pioneering study, Terzuolo and Bullock [14] observed that electric fields of 10 mV/cm were sufficient to modulate the spontaneous firing in the cardiac ganglion of the lobster and the abdominal stretch receptor of the crayfish. Moreover, the authors noted that this electric field was 20 times weaker that what was required to fire the silent neurons. Concordant observations were also reported in early in vivo studies of the cat motor and visual cortex by Creutzfeldt et al. [20] , where spontaneous neuronal activity, in addition to EEG evoked dendritic potentials recorded from epi-cortical electrodes, was modulated in a polarity-dependent manner. Similarly, Bindman et al. [15] demonstrated the polarizing effect of DC stimulation on the rat cortex, noting the increase in the mean firing rate of neurons following surface positive polarization, and a decrease following surface-negative polarization. Importantly, the effect of the polarizing current was not always homogenous, as neurons in the deeper cortical layers were often deactivated by anodal stimulation and activated by cathodal stimulation [16, 20] . The requirement may depend on the orientation of the neurons relative to the electric field [21] .
Modern mechanistic studies using animal preparations have delved deeper to understand the geometric and physiological interaction of the induced electric field on other cell types and cell compartments. Here, one important finding has been the observation that DC fields modulate the functionality of all compartments of the cell, including the soma, dendrites, axon, presynaptic terminal, and axon hillock [18, 19, 22] , which integrate together to determine whether a given neuron fires or not. Converging studies combining computational modeling with physiological recordings have purported the "somatic doctrine" to characterize how maximum depolarization occurs with an electric field parallel to the somatodendritic axis (however, in human models, tangential current flow along the cortical surface is also generated, which cannot be ignored when considering the effects of tDCS [18] ). The effect of neuronal polarization does not only hold importance for threshold modulation but can also initiate changes in action potential rate and timing, which may amplify effects [23, 24] .
Human Studies
Paucity of non-invasive physiological techniques to induce and monitor alterations of brain activity and excitability meant that early investigations into weak DC stimulation in humans were limited. These studies were compounded with two difficulties: first, as opposed to animal studies where current could be delivered directly to the cortex and measured with invasive electrodes, in humans, the current had to be applied transcranially, which meant added complexity in quantitatively measuring induced effects or effective charge density at targeted regions; second, the lack of sophisticated technology to measure physiological effects limited most studies to investigating only behavioral or phenomenological effects. As such, several of these studies varied drastically in stimulation parameters and objective outcome measures. Lippold and Redfearn [28] conducted several trials of tDCS and reported that current intensities between 50 and 500 μA resulted in polarity-dependent alterations of mood, alertness, quietness, and apathy. An additional study by this group investigated chronically depressed patients and found that anodal currents between 20 and 250 μA resulted in improvements during stimulation, some effects lasting for up to 1 or 2 days afterwards [29] . A few studies looking at motor cortical functions found faster reaction times [30, 31] . Other studies found limited or variable success, possibly due to insufficient current strength, varied electrode positioning, and in the case of psychiatric patients, the lack of strict diagnostic criteria [4, 12] . Consequently, the technique was slowly abandoned in popularity, probably in favor of the then significant pharmacological advancements.
The development of TMS in the 80s and early 90s offered a new perspective for investigating physiological effects of tDCS [32, 33] . The advantage of TMS was especially relevant for investigating the physiological effects of tDCS as it allowed for a quantitative read-out of motor cortical excitability via the electromyographically recorded motor-evoked potential (MEP), thus overcoming previous limitations. In 1998, Priori and colleagues [9] reported the effects of DC stimulation applied to the human primary motor cortex (M1) and referenced to the chin, with current intensities ranging up to 0.5 mA and stimulation lasting up to 7 s. MEPs elicited from the hand muscle were recorded before and during tDCS. Although no effects were observed independently for each polarity, a decrease in excitability was observed when a 0.3 mA anodal current was delivered prior to a cathodal current, each lasting 7 s. Possible reasons for these antagonistic effects may have been the short stimulation durations or the suboptimal electrode positioning to induce sufficient current flow through the cortex [4] . In 2000, Nitsche and Paulus conducted a systematic study which laid the foundations for the modern-day version of tDCS. Here, the electrodes were positioned with the target electrode over the motor cortical representation of the hand knob and the reference electrode over the contralateral orbit (Fig. 1c, d ). With current intensities of up to 1 mA and lasting for 4 s, motor cortical excitability increased during anodal tDCS and diminished during cathodal tDCS [10] . In a follow-up study to confirm whether these effects were the result of membrane potential polarization, Nitsche et al. administered the calcium channel blocker flunarizine and the sodium channel blocker carbamazepine and observed the abolishment of an anodal tDCS increase in excitability when compared to placebo medication [34] . To investigate GABAergic and glutamatergic synaptic activity, Nitsche et al. administered the GABA A receptor agonist lorazepam and the NMDA receptor blocker dextromethorphan, but found no acute alteration in the anodal tDCS excitability-increase response [34, 35] . Moreover, the role of GABA A ergic and glutamatergic interneurons was also investigated via TMS double-pulse stimulation protocols, and in line with the pharmacological evidence, no effects were observed during either anodal or cathodal tDCS [36] . Together, these findings show similarity to animal studies, where the weak DC on neurons during stimulation primarily results in polarization of the resting membrane and shifts in the excitability and activity of the neuron.
Secondary, After-Effects
The attraction to many modern NIBS techniques is their ability to modulate LTP-or LTD-like mechanisms and thereby induce long-lasting effects in the nervous system [37] . For tDCS, this can be accomplished with sustained stimulation, in the order of minutes, which results in physiological alterations lasting upwards of several hours to even more than a day after the end of stimulation [7, 26, 27] . Although the precise mechanisms for the longterm effects are still not completely understood, they are [15] demonstrated both acute and lasting effects of weak direct currents delivered to the cortex. a Increase in spike activity during anodal tDCS and decrease in activity during cathodal tDCS compared to before stimulation. b Effects of DC stimulation on these spiking neurons persist for several hours after the end of (a) anodal stimulation and (b) cathodal stimulation.c In the first human experiments by Nitsche and Paulus [10] , the optimal electrode montage to induce excitability alterations consisted of one 35 cm 2 electrode centered over the motor cortex and another over the contralateral orbit. The magnitude of current density (2 mA, 25 cm 2 electrodes) and the direction of current flow is presented, which also has a significant meso-lateral component (pointing outwards from the page) (adapted from Fig. 1, [25] ). d For the majority of tDCS studies on motor cortical excitability, two 35 cm 2 electrodes were used, with the target electrode positioned over the motor cortical representation area of the hand knob, and a reference electrode placed over the contralateral orbit. e After-effects of tDCS on motor cortical excitability. tDCS of the human motor cortex modulates TMS-elicited MEP amplitudes after stimulation for up to 1 h. Anodal tDCS enhances, whereas cathodal tDCS diminishes cortical excitability (figures adapted, with permission, from [26, 27]) presumed to be related to synaptic plasticity and fundamentally similar between animals and humans.
Animal Models
In Bindman et al.'s [15] investigation of anesthetized rats, DC stimulation for 5 min or longer resulted in prolonged increase of spontaneous firing activity lasting for hours after anodal stimulation, whereas activity decreased relative to baseline after cathodal stimulation (Fig. 1b) . These effects were also observed to be dependent on protein synthesis and thus not likely to be a purely electrical phenomenon [38] . Indeed, further studies on rat slices demonstrated that direct current stimulation induces LTP or LTD in a polarity-dependent manner, which also depends on NMDA receptors and brain-derived neurotrophic factor (BDNF) [39, 40] . Intracellular calcium also increased following anodal stimulation, as well as early gene expression, which also depend on NMDA receptors [41, 42] . Here, the duration of stimulation was also shown to be of importance, since longer-lasting stimulation bi-directionally regulated cAMP [43] . A recent study on rabbits demonstrated that tDCS applied to the sensorimotor cortex could also modulate presynaptic mechanisms of synaptic transmission, highlighting the relevance of adenosine receptors in accounting for long-term associative learning effects [44] . The role of presynaptic inputs and ongoing spontaneous activity in driving plasticity remains to be fully understood; however, converging evidence points to the importance of local activity driving local plasticity [45] . Accordingly, in the study by Fritsch et al. [39] , long-term effects in slice preparations, which display no major spontaneous activity, were only accomplished when tDCS was accompanied by low-frequency electrical stimulation, which was not the case in an in vivo study, in which spontaneous activity in present to a larger degree [46] . Similar dependencies have been observed in human studies, where background cortical activity was shown to modulate neuroplastic after-effects of tDCS [47] .
Related to tDCS-induction of plasticity, especially with regard to network or remote effects, is the relevant role of the neurovascular unit [48] , which consists of both neuronal and non-neuronal cells, such as glial cells, and vascular components, such as endothelial cells and blood vessels. Using laser Doppler flowmetry (LDF), Wachter et al. [49] observed a polarity-dependent modulation of tDCS on cerebral blood flow (CBF) of the rat. Fifteen minutes of anodal tDCS at 100 μA increased CBF up to 30 min afterwards, whereas 100 μA of cathodal tDCS decreased CBF by 25% for up to 30 min. Similarly, a functional near-infrared spectroscopy (fNIRS) study on rats also observed an increase in oxygenated hemoglobin during anodal tDCS, which persisted for 30 min afterwards [50] . Whether these physiological effects are a direct result of electric fields (e.g., vessel dilation effects from DC fields- [51, 52] ) or secondary effects from polarized neurons affecting other cell functions and cascades remains an open question. Interestingly, a recent calcium imaging study on mice revealed that tDCS induces long-lasting calcium surges in astrocytes [53] , which might indicate an additional mechanism for local vascular effects as well as for plasticity effects, as an increase in intracellular calcium is necessary for LTP in local synapses [54] .
Taken together, multiple lines of evidence in the animal literature conclude that tDCS induces long-lasting physiological effects in the cortex. The precise mechanisms, including the relationship between stimulation parameters and physiological effects, as well as the relationship between neuronal and non-neuronal effects remain to be fully understood.
Human Studies
Although animal experiments continue to provide a variety of information on physiological mechanisms underlying tDCSinduced neuroplasticity, a large gap still exists in the transferability of these findings to human models, primarily due to difficulty in manipulating relevant synaptic components. Nevertheless, studies using pharmacological modulation combined with TMS have provided critical insights on putative mechanisms, which appear to involve mainly glutamatergic processes.
Using single-pulse TMS to elicit MEPs, Nitsche et al. demonstrated that anodal tDCS of 13 min increased motor cortical excitability for up to 90 min, and 9 min of cathodal tDCS decreased up to 60 min ( Fig. 1e; [26, 27] ). The duration of these effects is in the range of early phase LTP-and LTD-like plasticity [55] . Systematic studies using the combination of TMS with pharmacological interventions were carried out to investigate the physiological basis for these after-effects. The NMDA receptor blocker dextromethorphan abolished the after-effects of both anodal and cathodal tDCS [34, 56] , whereas the NMDA receptor agonist d-cycloserine prolonged the after-effects of anodal tDCS [57] , indicating the dependency of the glutamatergic system. Further studies to support this were conducted using double-pulse TMS protocols, which showed reduced intracortical inhibition, but enhanced facilitation, after anodal tDCS, and opposite effects after cathodal tDCS [36] . The calcium-dependency of these effects was also investigated, as evidenced by animal studies showing their involvement with NMDA receptors. Here, the calcium channel blocker flunarizine abolished the after-effects of anodal tDCS [36] . The role of GABA A ergic interneurons in modulating tDCS plasticity was also explored. Lorazepam, which enhances active GABA receptors, initially reduced, but then boosted the excitability enhancement following anodal tDCS, but had no effect following cathodal tDCS [35] . TMS protocols examining inter-neuronal effects found that both anodal and cathodal tDCS enhanced I-waves, which are reduced by GABA activity [36] . The interpretation behind this result became clearer after a magnetic resonance spectroscopy (MRS) study showed reduction of GABA following anodal and cathodal tDCS [58] . In sum, these studies underscore the involvement of glutamatergic mechanisms in driving the after-effects of tDCS, and that a tDCS-induced reduction of GABA might serve as a "gating" mechanism. In addition to investigating glutamatergic and GABAergic involvement, effects of other neuromodulators which are relevant for tDCS-induced plasticity, such as dopamine, serotonin, and acetylcholine have also been explored [59] [60] [61] [62] [63] . Overall, these studies have found that these neuromodulators are not just relevant for establishing neuroplasticity but could also alter plasticity in non-linear and complex ways, which is of important relevance for neurological or psychiatric diseases where these neuromodulators are often out of balance.
Several studies have documented neurophysiological aftereffects in cortical regions other than the primary motor cortex. Antal et al. investigated excitability alterations in the visual cortex by measuring visual-evoked potentials (VEPs). Anodal tDCS increased the amplitude of the N70 component, whereas cathodal tDCS decreased it [64] . In another study, application of tDCS over the visual cortex with an extra-cephalic reference electrode also resulted in polarity-dependent modulation of VEPs, both during and shortly after anodal and cathodal tDCS [65] . For the somatosensory cortex, polarity-dependent effects were observed through recording somatosensory-evoked potentials (SEPs). Anodal tDCS increased SEP amplitudes for at least 60 min in one study [66] and cathodal tDCS reduced those in another [67] . In the auditory cortex, anodal tDCS over the temporal cortex and cathodal tDCS over the temporo-parietal cortex enhanced auditory-evoked potentials [68] .
Besides the local and regional effects of tDCS, a few studies have also observed topographically remote cortical and subcortical effects of tDCS. Using positron emission tomography (PET), it was shown that both anodal and cathodal tDCS induce widespread increases and decreases in regional cerebral blood flow (rCBF) [69] . As discussed previously, it remains unclear to what extent vascular effects are the direct result of current flow, or secondarily affected through synaptic mechanisms. Localized alterations in the hemodynamic response following tDCS have also been observed using arterial spin labeling (ASL-fMRI) where it was shown that rCBF increased after short repeated durations of anodal tDCS and decreased after cathodal tDCS [70] . This effect does not appear to be constrained only to the motor cortex, as anodal and cathodal tDCS applied to the left dorsolateral prefrontal cortex (DLPFC) also resulted in polarity-specific alterations in perfusion [71] . Modulations of resting state oscillatory activity, recorded using EEG, have also been reported after anodal and cathodal tDCS and reiterate the concept of increased or decreased spontaneous firing activity in pyramidal neuron populations, respectively [72, 73] . Recent advancements in brain network connectivity analyses applied to neuroimaging data, such as the use of graph theoretical parameters to assess functional and structural connectivity, have shed important light on mechanisms by which tDCS can induce functional cortico-cortical, and cortico-thalamic alterations [74, 75] . Considering that an important aspect of tDCS is to modulate learning-related mechanisms, these findings offer special relevance to the prospect of integrating the communication of segregated cortical areas at the system level.
To summarize, tDCS has prominent neuroplastic after-effects which can be observed in the intact animal and human cortex with modern electrophysiological and imaging techniques. In addition to local and regional effects under the stimulation electrode, tDCS also affects functional networks at both cortical and subcortical levels and can involve the functional activation of non-neuronal structures, such as glia, blood vessels, and endothelial cells, thus offering researchers and clinicians a broad scope for possible intervention strategies.
Optimizing tDCS for Research and Clinical Applications
Despite the heterogeneous, yet increasing, number of tDCS studies, physiological and functional after-effects following single sessions of tDCS are still relatively short-lasting. Critical for the effort to prolong and optimize tDCS efficacy are (1) understanding basic effects of tDCS, particularly in areas other than the human motor cortex; (2) optimizing the large parameter space for tDCS protocols (e.g., electrode montage, current intensity, and stimulation duration); and (3) understanding the factors which underlie inter-individual variability, which not only masks real population level effects making interpretation of results difficult, but can also be leveraged to understand more about tDCS effects. Understanding these components may help to develop better suited stimulation protocols, e.g., closed-loop systems or other individually optimized protocols for highly effective treatment. With regard to (2) and (3), we briefly summarize the latest findings underlying these efforts (Fig. 2) .
tDCS Parameters
A large portion of the human studies on tDCS conducted thus far have been based on the "classic" tDCS protocol, where a current intensity of 1 mA is applied for durations of 9 or 13 min, and an electrode of size 35 cm 2 is placed over the target region with a reference electrode over the contralateral orbit. However, altering these stimulation parameters have led to significant deviations from the canonical after-effects of tDCS. For example, increasing the duration of 1.0 mA anodal tDCS from 13 to 26 min resulted in excitability diminishing, and not enhancing, after-effects [7] , and increasing the current intensity of 20 min cathodal tDCS from 1 mA to 2 mA converted excitability diminution to facilitation [5] . These non-linear effects are likely caused by a combination of increased intracellular calcium, which has been shown to convert the direction of LTD to LTP in animal studies [76, 77] , and potassium-channel dependent counter regulation to limit LTP plasticity [78] . In order to extend the duration of aftereffects longer than 1 h, which is of practical benefit in clinical applications, an interval of 20 min between consecutive stimulations was found optimal to induce longer-lasting after-effects for both anodal (up to 24 h) and cathodal (up to 2 h) tDCS [6, 7] . Spaced repetition protocols have also been shown to induce late-phase plasticity effects in both animal slices and in vivo experiments [7, 79] . An interesting question is the extent of the interaction between current intensities (including greater than 2 mA) and stimulation duration and repetition, on anodal and cathodal tDCS.
With further regard to optimization is the challenge of optimizing the stimulation electrode montage. Although the motor cortex-contralateral supraorbital ridge montage was found to be the most optimal for modulating M1 excitability [10] , it may not necessarily be the most optimal for every application or individual. New tools based on finite-element-method (FEM) models have been developed, which leverage individual MRI images in order to determine the most optimal montage [80, 81] . These include multi-electrode montages to induce more focal effects, such as the 4 × 1 high-definition (HDtDCS) montage, which has been shown to result in more pronounced motor cortical excitability after-effects in comparison to the classical montage [82] . However, obtaining comprehensive physiological validations of these montages is a challenge, and it remains unclear whether increased focality is of benefit to neuropsychiatric patients, where often large areas and networks are affected. With regard to validation, a recent intracranial EEG combined with tDCS study reported that 2 mA current intensities resulted in electric field magnitudes of 0.4 V/m in the cortex [83] whereas in another study, 1 mA tDCS induced an electric field of 0.5 V/m (i.e., approximately twice in size) [84] . In sum, these studies highlight the need for additional modeling combined with physiological validations as they would be of high benefit to optimization efforts.
Inter-Individual Parameters
Recent studies have suggested that tDCS after-effects can differentiate based on inter-individual variability between healthy adult participants [8, [85] [86] [87] [88] . Factors affecting the inter-individual response variability in tDCS are likely to be similar with factors which affect other NIBS techniques and include physiological and anatomical factors such as baseline state or excitability, cortical folding, skull thickness, and genetic profile, as well as demographic factors such as gender and age ( [89] ; see also review [90] ). In sum, several of these studies have noted the confounding effect of fluctuations in circadian rhythms, motor cortical excitability before TMS, or shifts in attention (e.g., during eyes-open versus eyes-closed conditions) on tDCS after-effects, which underscores the importance for future studies in designing experiments which appropriately control and report for these additional factors.
Conclusions
The present review aimed to summarize the current state of knowledge on the mechanisms underlying tDCS primary effects in both animals and humans, which involve modulation of the resting membrane potential, and secondary neuroplastic after-effects, which involve both pre-and post-synaptic Fig. 2 Towards tDCS optimization. Avenues for tDCS optimization can be broadly categorized into (1) approaches for advancing the understanding of the basic physiological and functional effects of stimulation; (2) systematic and controlled studies to investigate the effects of tDCS parameters, such as doseresponse relationships; and (3) discovery and insights into factors which may result in interindividual variability, such as genetic and anatomical determinants. Understanding the relationship between these three aspects is crucial to advancing state-of-the-art protocols for clinical and research applications modifications. Recent findings have demonstrated neuroplastic effects of tDCS across a variety of cortical regions, which affect not only regional alterations in excitability and activity but also remote cortical and subcortical networks.
Optimization of tDCS protocols is an ongoing effort, as research and clinical applications of stimulation would benefit from protocols which can consistently and stably prolong neuroplastic after-effects. Within a framework to address this goal, we propose studies should systematically investigate tDCS parameters and their interaction with physiological and functional effects, as well as with known factors which affect the inter-individual response variability to tDCS. A more thorough understanding of these relationships will foster the development of this technique as a promising research and clinical tool.
